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Two il~aJor ach:~ve,rlent:;) each of \'Irnch lS unique, \'Jere accompl1shed 
una!:!' t!"lS contract. "The firs: was the di:;covery that the Pioneer 10 
pias-3 anal~lzer det2cted the 10 ~ia$ma torus during the spacecraft's flyby 
or Juplter in 1973. EVlaence was found of corotating ions which appear to 
be primarily S++ and 0++ in the Pioneer 10 plasma data as the spacecraft 
moved inward from 6.9 to 5.4 RJ . Tne Pioneer 10 plasma profile shows a 
relatlve varlation with radial distance remarkably similar to the Voyager 
dens 1 ty prof; 1 e. Both profil es s how a we 1.1 defi ned peak fa 11 i ng off 5 teep 1 y 
toward Jupiter and gradually aecreasing away from Jupiter. The Pioneer 10 
plasma data are also consistent with a constant temperature for at least 
0.5 RJ outside Io's orbit. Our analyses demonstrate that the Pioneer 
plasma analyzer was surprislngly effective in obtaining information on the 
heavy ion populations the Jovlan magnetosphere. The second major achieve-
ment concerned the discovery that interplanetary solar wind plasma shocks 
can trap energetic particles (cosmic rays) for weeks and out to distances 
of 17 AU. We found that energetlc particles (0.5 ~eV to 20 MeV) were con-
fined between two plasma ShOCKS from solar flares (April 15 and 28, 1978) 
as the shocks propagated outward 1n the solar system. Shocks associated 
wlth both flares are detectable 1n the Pioneer 10 and Pioneer 11 plasma 
analyzer data. The shock/flare associatlons are different from those pre-
viously published by others studY1ng the interplanetary events. The 
apparent ability of a shock whose plasma signature is extremely weak to 
confine ~eV protons in the outer solar system may have significant implica-
tions for cosmic ray studies. Contrary to earlier analyses of these data, 
the results of our analyses also imply significant azimuthal asymmetry in 
plasma and energetic partlcle behavior even at distances as far as 16 AU 
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!his final report summarizes the work performed at Carmel Research Center 
under contract ~S2-10925 with NASA Ames Research Center. The work on this 
contract was performed by Dr. Devrie S. Intriligator, Principal Investigator, 
and those working under her direction. 
Several major scientific discoveries were made under this contract. 
These discoveries and their significance are discussed below. The importance 
of these discoveries is so high and the monetary cost of them to NASA is so 
relatively inexpensive that Carmel Research Center must point out that it is 
not in the best interests of NASA Ames Research Center nor the overall U.S. 
NASA space science activity to terminate this contract. Carmel Research 
Center urges NASA Ames Research Center to continue to support Dr. 
Intriligator's work on Pioneer 10/11 Data Analysis of the Plasma Experiment. 
Dr. Intriligator is the only investigator currently associated with the 
Pioneer 10/11 plasma experiment who participated in all phases of the 
instrument design, development, calibration, spacecraft integration, flight, 
and data analysis. w.O. Miller has worked with Dr. Intriligator on Pioneer 
data analyses since 1969. G.R. Steele, a Carmel Research Center employee, 
participated in the instrument design, development, calibration, and 
spacecraft integration. Carmel Research Center has the capability to continue 
to provide unique and significant contributions to Pioneer 10/11 data analysis 
of the plasma experiment. The Carmel Research Center efforts would continue 
to complement the plasma data analys~s efforts carried out by the plasma group 
at ~ASA Aces. It is in the best interests of NASA Ames Research Center and 
~ASA in general to continue to support the Carmel Research Center efforts on 
Pioneer 10/11 data analysis of the plasma experiment. 
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II. THE DISCOVERY OF THE 10 PLASMA TORUS ~ PIONEER 10 PLASHA DATA 
Publicatloon: ''Detection of the 10 Torus by Pioneer 10" 0.5. Intriligator 
and t~ .D. ~iller. Geophysical Research Letters. !.. 409-412. 1981 (this paper is 
reproduced in Appendix I). 
This paper presents the discovery that the Pioneer 10 plasma analyzer 
detected the Io plasma torus during the spacecraft's flyby of Jupiter in 
1973. We found evidence of corotating ions in the Pioneer 10 plasma analyzer 
data as the spacecraft moved inward from 6.9 to 5.4 RJ. We identified these 
loons as primarily 5++ and 0++. ff+ or He++ ions or other light ions were also 
observed during this time. The Pioneer 10 plasma profile showed a relative 
variation with radial distance remarkably similar to the Voyager density 
profile. Both profiles show a well-defined peak falling off steeply toward 
Jupiter and gradually decreasing away from Jupiter. The Pioneer 10 plasma 
data are also consistent with a constant temperature plasma for at least 0.5 
RJ outside Io's orbit. 
Thlos paper is based upon an examination at CRe of the Pioneer 10 plasma 
observations. The previous study of Pioneer 10 data and the inner Jovian 
magnetosphere (Frank et al •• 1976) did not include the particular telemetered 
values from waich our detections of these ions was inferred. We discovered a 
nuober of significant characteristics in the plasma data which are evidence 
for a varl.ety of plasma phenomena not previously reported in Pioneer data. 
The basis of our results involves analyzing the data from the outer collectors 
of the Pioneer 10 plasma analyzer. !hese collectors ""iew the directl.on of 
coro ta tion. 
Our analyses demonstrate that the plasma analyzer was actually 
surprisingly effective in obtaining information on the heavy ion population in 
the Jovian magnetosphere. We showed that our instrument directly detected a 
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broad region of significant plasma density surrounding the orbit of 10. 
All of the analyses and the interpretation of the data for this study 
were carried out at eRe by Dr.Intriligator and by those working under her 
d1rection. 
This paper is reproduced in Appendix I. 
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III. THE DISCOVERY THAT INTERPLANETARY SOUR WIND PLASMA SHOCKS CAN TRAP 
ENERGETIC PARTICLES (COSMIC RAYS) FOR 'NEEKS AND OUT TO DISTANCES OF 
J..U[ 
Publication: "Plasma Shocks and Energetic Particles in the Outer Solar 
System: Trapping and Asymmetry Observations from Pioneer 10 and Pioneer 11," 
D.S. Intriligator and W.D. Miller, Journal of Geophysical Research, in press, 
1982 (this paper is reproduced in Appendix II). 
We found that energetic particles (0.5 MeV to 20 MeV) were confined 
between two plasma shocks from solar flares (April 15 and 28, 1978) as the 
shocks propagated outward in the solar system. This is the first observation 
of plasma shocks confining cosmic-ray energy particles. These results are 
important for understanding the modulation of cosmic rays and may also be 
important for understanding the basic physics ~nvolved in plasma shocks 
trapping and perhaps accelerating energetic particles. The trapped particles 
may have been accelerated by the shocks, or they may have been ejected by the 
flares, or they may have been ambient cosmic rays. It is likely that all 
three sources contributed. 
Our results indicate that the propagation of energetic part~cles and 
their associated cosmic ray modulation effects may be different from those 
prev~ously assumed. 
Our results are based on our analyses of Pioneer 10 and 11 plasma data 
and energetic particle data. The radial separat~on between the locations of 
the two spacecraft was important for this analysis. 
Our results suggest that the continued tracking of Pioneer 10 and 11, as 
they leave the solar system ~n opposite directions, is a very high prior~ty 
since these data are un~que and may lead to future discoveries as ~mportant as 
or even more important than those d~scussed in our paper. 
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All of the analyses and interpretation of the data for this study were 
carried out at CRe by Dr. Intriligator and by those working under her 
direction. 
This paper is reproduced in Appendix II. 
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IV. THE DISCOVERY OF NON-SYMMETRIC PROPAGATION TO THE OlITER SOLAR SYSTEM OF 
SOLAR ~rrND PLASMA AND ENERGETIC PARTICLES 
Publicatl.on: "Plasma Shocks and Energetic Particles in the Outer Solar 
System: Trapping and Asymmetry Observations from Pioneer 10 and Pioneer 11," 
D.S. Intriligator and W.D. Miller, Journal of Geophysical ~esearch, in press, 
1982 (this paper is reproduced in Appendix II). 
~o1e have discovered the first examples of asymmetric propagation of solar 
wind plasma and energetic particles to the outer solar system. ~1oreover , 
contrary to earlier analyses by others of the Pioneer 10 and 11 events 
associated with the April 15 and 28, 1978 solar flares, the results of our 
analyses imply significant longitudinal asymmetry in plasma and energetic 
particle behavior even at distances as far as 16 AU from the sun. Our 
analysis leads to a clarification of the effects of the shocks including those 
associated with cosmic ray modulation. 
\ole discovered that the observed Pioneer 10 and 11 shocks show a strong 
azimuthal asymmetry, each shock being unmistakably evident in the plasma data 
at one spacecraft and barely detectable in the plasma data at the other 
spacecraft. The evidence indicates, however, that at large heliocentric 
distances the very weak shocks still have a strong effect on the MeV ~rotons. 
In contrast to the analysis of others, we find from comparison of the 
energetl.c particle data at Pioneer 10 and 11 and at U1P that 11-20 ~eV ~rotons 
spread (perhaps latitudinally as well as longitudinally) much ~ore than the 
0.S-1.8 ~eV protons. 
Our results are based on our analyses of Pioneer 10 and 11 ?lasma data 
and energetic particle data. The longitudinal separation bet"Neen the 
locations of the two spacecraft was essential for th1s study. 
, 
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All of the analyses and interpretation of the data for this study Yere 
performed at eRe by Dr. Intriligator and by those work1ng under her direction. 
This paper is reproduced in Appendix II. 
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Intr111gator ana ~1!ler ?loneer 10 uetected :0 Jlasma ;or~s 
• PIONEER 10 RELATIVE ClJRREHT. DEC.I973 
.. VOYAGER 1 liRA. MARCH 1919 
• VOYAGER 1 PI..S. MARCH 1979 
ID Figure. curvw 11 aDd 12 show tM ~ CIII'NDC as I 
f1uIctioa of tuDe of th8 two put1CI8 ~CloIIa, coD.ctar 1 (S·~ 
aIId c:oil8c:uIr 2 (0·...,. ~. n-..camac. are buMi OD 
tM ~ c:anwDt ID .cD -V c:ycia wt.D .cD ~Cloa 18 
detected UJIIIIDiquoaa1y. n- peak CUI'NIItS pnmda a JmUaN 
of tha raiaave vanaClGlW ID lOll cWaaty as a fImctIaa of tIm& A 
COJDIIUUOIl of Figuns 2 aIId c:arft II ID Figure 4. shows the 
quahtaave effecaveaea of t!ws D*had 01 obt.uDmc reiatMllOD 
delwty esamates. 
In Figure 5. _ campant th8 Pi....- 10 peak c:arnatB shown 
ID carve IllD Figure •• WIth die Voyapr d_tJeI dInved from 
the PRA aDd PLS IDSCrUJII8ca (Bapaal aIId SWbvua, 19811 
whare the PRA daDatJel are eJ.ctroD dBatJel aIId u. PLS 
delwtles are their l"89l..t Ion dBaa... Fipre 5 mow. I 
remarlrabJe nowmble_ betw..a die Pi....-l0 aIId tM Voyapr 
proiil... WIth I wall-deiiDed. peak falliDr off steeply WIth 
dac:reumr radW dlat.Dat IDSIde of - 6.7 R, IIIIi ~ off 
gradually WIth uu:r8UID!J radW di8caDce oatwud £ram t!ws peak. 
With respect to more quanGtauve ~ _1D1I8C c:auaoa 
that _ do DOt yet lmow die euct lKII""ehuaoa of die Pi.,.... 10 
data. Smce die shape sumlanty 18 80 ~c _ dIa. DOC to draw 
t.h8m supenmpoeed ID Figure 5. 
A. IOD Ideuaficaaoll 
The tmer'8Y of th8 ~ CIlI'nIlta ID t.bae ~ 18 _ tha 
sum of the bu.Ik laDeac 8MrIY aDd tha meaD tMrmai -V' so 
usummg c:orotaUOIl, the spectra ID c:arYeIIll aDd 12 of Figure J 
are CODSISteIlt WIth ElQ raaoe of 16 &lid 8. respect1veiy The 
plume auaiyzlr separBtH paraciel ollly by eD8rIY-to-cllarp 
raClOS IElQI. so that It IS Dot poulbJe to eeparace pan;u:Ies WIth 
the sea. mau-eharp raao aDd the same ~ such as 
c:orotatmr S·· aIId O· ~ tM IDStz'IlmmC'S &bahty to 
eeparate difflnlDC Ion popu'atloa, cioMiy spaced ID ElQ IS hmltad 
by a comblDAtum of ~ raaoWClOIl. tM temparatuna of 
the popWaClODl, UId the relaave Imlncl,,,,," ot the popuJaaoDL 
ID vt_ of the Voyqw UV reports IBl'OIIdfoot.t aL. 1979: SaDde1 
n aL. 19791 of the 10 torus, tile piaUSlbJe ldeut1fic:atlODli are S·· 
aDd O· for ElQ - 16 UId 0++ for ElQ - 8. The lower sppueut 
deasaty of 0·+ rUGve to 5·+ 01' O· II CODII18te1lt WIth the 
Voyapr (aro.dioot ., QL. 1979 aIId Sandel .t ai. 19791 aDd 
grouDd-buMi (Brown.. 1978. 19781 esamac. of the tamperacura 
of the 10 toru combmed WIth tM !uP (36 • VllOlllACIOIleMrgy 
~ to c:GIIwrt O· to O·+lLaPtoIl. 19591. 
It IS poaabJ.. of coana. that tt.e ~ ~ !up. 
10DlAtlOa sta .... of _VIII' ..... 01' 1II0.,d.. N.th8r oar 
spectra DOl' the .YaIlabIe Vo,qw data provtde • baaIa fOl' ID-
famq that Iarp quaDtltJel 01 elements _VIII' thaD DXYpa aDd 
sulfur are pr8IeIlt. aDd th8 aftiiabJe UV.laa., aIId electron spectra 
do aat mdu:ate the solar coraaa-ilD CODdltlOlla that woWd be 
~ to produce VfIr1 IDcD stetee of IODIZ&ClOD. Tbua It II 
poaabJe to reacnc:c COIIIIIdermaa to • mW1 rap of lOll spec1& 
The folJowmg ~CIaaII saa-c thae 5·" II the dommaDt 
I0Il ID t.bae CJbeeoqClolla, 
In polar wIoaty spKII caardiDataa (tM Dllturai system for 
oar ~ ",Iw:h ~ flu u. fuDCtioa of eaergy aIId 
two ....... coavec:ted MaznIJiu ducnbuaon II deecnbed. by 
312 _..!!L 
8(v.p,a, • N(.2!!....) e lkT 
2lfkT 
(va - 2svc:os(a + a,,)COI(p + Pe) + sa) 
v~dvdpda 
",haw Bev.Poet IS the dUfaramal f]uz u a fuDctum of partzcle 
spead v. aDd the UUDUcha1 (et aIId polar (pi aqies of paracle 
lIIOt1OD. H ... IS the ~ ad ao. Po the dincaoa aqles of 
CODVeCtIaa. Evaluaaq thaa fIuIcaon lIftS the 1ftdt.h of the 
dlStnbaaoa at my value baIow the 1II .... rnum ID eiaccroa volts 
fOl' the WIdth ID en.rgy 01' ID desr- fOl' the aqular WIdth. 1'heM 
W1dths vvy IDnneiy WIth the DlUe of the paracI-. aDd the 
aqaJar WIdths u.o ~ WIth IDCIWUUl8 c:oDVtlCtlOD speed. 
HO'IrftW'. u mspec:t1OD of the formula sbowa. the aqaJar WlQth 
doae DOt depeui OD c:harp. Tharefora, 0" and 0"+ dlStnbuUODS 
of mmlar temptraClU'lS aDd flow dJr8c:aoDS woWd bave sumler 
mpJar GUIlts. wt-.a aa S·+ dlStnbuClOD 1lDIUr the same 
c:oacilboa would be ollly aboat IWf as WHia. meesarmg the WIdth 
at. for enmpie. 0.5 of the ....... mum. If we COIISlder the actual 
WIdths of aD S W.cnbUtlOD and aD 0 w.cnbUtlOD at a 
temptratw'e of 2 x 1 Q6 K. trawhDr at 57 kmI sec (the speed of 
c:orotatlDg IOU l18U' 10 S L-.a.ll near the ~ equator 
raiaave to the taDpIltW "M"paGat of the spacec:rUt veiocty, 
_ fiDd WIdths of 8" aDd 16", rwpeca'lely. COIIIIdenDg that the 
c:orotaaoaai dlnc:aon 18 12" from the OIItar edp of the fWd of 
vt_ (FOy) aDd that the ~ d8r.ecton euelld mwvd 7 5" 
from tH oatar adp of tH roV. It IS c:l.r that nesthar speoea ID 
Illy charp state sbouid haw "- datactable OD aD IDDIIr' 
c:ol.lec:tor If tha lDOQOD ,.... stnctly c:orocauoaaL The bouadary 
betweIIl the fields ofvt_ oftbeoatarmost collec:tors4c:ollec:ton 1 
UId 51 &lid the ~ colleean (collectors 2 aDd 41 for the 
w.mbuaoD parameters gmm aboVlt IS about 5 scaadard 
devtaClOU from the ClDtar of a stnctly corotatlDr oxygen 
distnbutum aIId 10 staDdud devtaClCM18 from tH C8Iltar of I 
.lItnctly corocaaq sulfur dl8mhutlOD. 
As daIcnhed above. tH KtUa1 chatztbutlOD of the beavy 10DS 
II oa.. Nd only OIl the out.mDoet coiIKtors. wlUle the ilghter 
IOU are oa.. fed OD the IDD8I' c:oll8cton. AD apprommace calcuI· 
aClOD of poesIble dlScnouaoDi mmcacu that. u.11II1Dr mu_ or 
32 aDd 16. the ob8arved result. caD be produced by a raClo of ~ht 
IODS to heavy oaea of 2.1. IIIIi ritr1ect1OD from corotaClon of 19" :f 
both spec1es bave the same flow dJnctlon. Altarnatlvelv II. 
deualty raClo of 1.1. and a dailectlOD from corotatlOD of 22.5 0 
could produce these result5. Thus. the avllllable iDformatlOD does 
110t glVlt s umque determlJlaDOD of the dllDSlty ratio IIld dedec:· 
In~rl11ga~or and ~lller' Ploneer 10 ue~ec~ea 10 Plasma Torus 
tlOD, buc doli mdscate that. plau.ble val .. an CGIIIIateDC WIth 
thadaca. 
Oar 1DAl)'llS mdicaca thac the depIrtun from coratatum 
results pnmanly from • l'8dIally unrani compcmeac of IDOCJOa. 
The polar c:cIIIlpOMI1C III .,.,. !hghc. 
SIlIDJDIInZUlg tha ~ ldenClficatum CCIJI8IdIraQou. wlW.e 
tha lOllS 'It'Ith MlQ - 18 c:oWd be 81th. S·· or 0·, tha diff ..... 
lD wuith of tha two paracIe dJ8cnbuUOllS decected mdlcac.. that 
the 10118 OD the oacer coiIeccon ant pllUllEy heaVl8l' thaD tha 
ous WIth MlQ - 8 OD tha lDI*' ~ Thua. If the 10118 OD tha 
1JUI8I' colJecton an 0··, tha 0De8 em tha OI1cer colJecton an pr-. 
dommaceiy S·· Presamabi.y some O· III ~ .. ~ by 
thaO··IODII. 
We al80 DOte thaC the repOD of Iqiwac 0·· de!uaey COIllCld. 
'It'Ith tha reglOD of iqh8sc S·· clasJCy. aDd both an MU tU tua. 
of CZ'OtIIIIDI of tha 10 L-sW .. caJculaead from tha D3 mocW of 
the JOVWl ~ (SlDIth n aL. 1975: Kiveiloa aDd 
Winp. 19761. 
W1ule we have DOC pnIIIIlcad lD dKII1 0111' hghc loa d8cac:aoas 
wluc:h zmghc be H· or H.-· or oc.D.ICIII8, we DOte that tt.y an 
preeac lDtarmlttaat.ly throqh tha 10 taru aDd do DOC scroqI.y 
sua-t eImSIIOIl from 10. 
As 1lluscraead ID F'tpn 5. tha r.dial proDJ. of the ...... ead 
reJaave loa deasaCy from 0111' Pia..' 10 plu!!!.IlIIaiyar ~ 
poads qualataClveiy With the deDlacwe from the V f1'/8CW reaulta 
(WU'WIa .t aL. 1979. Bapaa1 aDd SWliva. 1981). Al8o. .. ~ 
traead lD Figun 2 the P!oaII.r 10 \OD ~ appeer to be co. 
SlSteDC WIth • reJat1veiy coaaCUIC lOll caaq.aan tbraqh mach 
oftUoatartonuaC1eutfrom "2222 UTI .. 6.8 Rll to .. 2251 UT 
1-8.1 Rll. The VO'J&CW plu!!!.I u:pIIDDIII .... IBapaai aDd 
SuJlivu. 19811 have repanaci a coaNDC caaq.atma ID the OI1cer 
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ABSTRACT 
Energetic protons (0.5-20 MeV) appear to be trapped between a pair of 
shocks associated with the major solar flares of April 15 and April 28, 
1978. Prolonged trapping (for a period of weeks) is implied by the large 
count rate enhancement and the large range of radial distances and 
longitudinal angles over which the trapping is observed. Shocks associated 
with both flares are detectable in the Pioneer 10 and Pioneer 11 plasma 
analyzer data. These shock/flare associations are different from those 
previously published by others studying the interplanetary events. The 
evidence for trapping has not been recognized heretofore most likely because 
of the unobservability of the April 15 flare (located ~l50o E of the Sun-
earth line) and of the faintness of the signature in the plasma data of one 
shock in each pair. The apparent ability of a shock whose plasma signature is 
extremely weak to confine I~V protons in the outer solar system may have 
significant implications for cosmic ray studies. Contrary to earlier analyses 
of these data, the results of our analyses also imply significant azimuthal 
asymmetry in plasma and energetic particle behavior even at distances as far 
as 16 AU from the sun. The combination of these observations provides 
evidence for unexpectedly complex interactions in the outer solar system 
beeween energetic particles and solar wind plasma. 
1 
INTRODUCTION 
A very large solar flare (importance 3B) began at 1304 UT on April 28, 
1978 in McMath Region 15266 and continued for more than nine hours. 
Disturbances in solar wind and cosmic ray behavior which were apparently 
associated with that event were observed at the earth, at Pioneer 11, and at 
Pioneer 10 (Pyle, et al., 1979; Van Allen 1979). These previous studies 
inferred from these observations a high degree of cylindrical symmetry in 
plasma and energetic particle behavior. Pyle, et al., also noted evidence for 
a large flare on the unobservable hemisphere of the sun on approximately April 
15. 
Previous studies have shown (Intriligator 1977, 1980) that the shocks 
from large flares can propagate with nearly constant speed over large radial 
distances. In the process of our studying Pioneer 10 and 11 plasma analyzer 
data to determine the apparent propagation speeds of interplanetary shocks in 
1978 we discovered evidence of a previously unrecognized forward shock in each 
data set, a possible reverse shock in the Pioneer 10 data, and a fir3 
association of the large shock on Hay 27 at Pioneer 10 with the April 15 
flare. When we plotted the shocks identified in the plasma data on a figure 
from Pyle, et al., we found the apparent precise correspondence of each shock 
with a significant change in the energetic proton count rates at Pioneer 10 
and 11. As described below we have concluded that the energetic particle 
changes indicate that large numbers of particles in the energy range of 0.5-
1.8 ~1eV and 11-20 MeV were trapped between the forward shocks. If this is the 
case, the observed characteristics of these particles discussed by Pyle, et 
al., may be due partly to the trapping process, instead of or in addition to 
the acceleration at the shocks. A careful examination of these observations 
(see Figure 8 below) also suggests that the azimuthal symmetry of the 
energetic proton behavior implied by the analyses of Pyle, et al., and as 
discussed by Van Allen may have been overstated. However, our analysis 
actually leads to a clarification of the effects of shocks including those 
associated with cosmic ray modulation. The increased insight available from 
careful examination of the detailed plasma analyzer data suggests that further 
knowledge might be gained by a more comprehensive study involving higher time 
resolution particle and field data. 
The organization of this paper is as follows: In the Obser~ations 
section first we present the specific features in the Pioneer 10 and 11 plasma 
data during this period that are relevant for this study. Then we present the 
available higher time resolution plasma parameters for each of the shocks and 
present some calculated characteristics of the shocks. Then we show a 
comparison of the Pioneer 10 and 11 solar wind speed with the energetic 
particle data. In the Discussion section we first describe our associat~ons 
of the observed interplanetary shocks with specific solar flare events. In 
this connection we present some ~iP energetic particle measurements that 
contribute to our identification of the specific solar flare events. Next we 
discuss the evidence for energetic particle confinement between the 
interplanetary shocks. Finally, we discuss the longitudinal characteristics 
of the propagation to extended heliocentric distances of the plasma and 




Figure 1, adapted from Van Allen, shows the geometric relations of the 
spacecraft and flares in early 1978. As indicated in Figure 1, the earth and 
Pioneer 10 were about 1700 apart in ecliptic longitude with Pioneer 11 about 
halfway between them. We are primarily studying the effects of the April 15 
and 28 flares. The April 28 flare had importance 3B. Since the April 29 
flare was a 2B flare, the April 28 flare most likely made the major 
contribution to the interplanetary disturbance. Both the April 28 and 29 
flares occurred in Region 15266. Extrapolation suggests that the flare of 
April 15 also probably occurred in Region 15266 which was not on the visible 
hemisphere at that time. 
Figure 2 shows a detailed plot of Pioneer 10 speed and density data. In 
addition to the first large speed and density jump, there are smaller abrupt 
speed rises which appear to be, respectively, a possible reverse shock and a 
forward shock, based on the simultaneous density changes recorded. The 
identification of the second shock as a reverse shock is tentative being based 
upon the apparent density decrease in the NASA Ames least squares plasma 
parameters. Figure 3 is a similar plot for Pioneer 11. It shows a small 
shock on !1ay 8 (Day 128) preceding the large shock on !1ay 11 (Day 131). 
Figures 4 through 7 present the available higher time resolution plasma 
data associated with the Pioneer 10 and 11 shocks shown in Figures 2 and 3. 
AB indicated in Figure 2, the large increase in solar wind speed on ~iay 27 
(Day 147) occurred during a data gap so that for this one event the higher 
time resolution plasma data are not available. However, there is no doubt 
from the plasma data shown in Figure 2 that a significant increase in solar 
wind speed and density occurred during this data gap. As discussed below, the 
uncertainty of when in the data gap the change in the plasma paraceters 
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occurred does not affect any of the conclusions of this study. 
Figure 4 shows the higher t~me resolution data for the next Pioneer 10 
shock. These data from June 1 (Day 152) indicate that following a data gap 
the solar wind speed increases quite sharply from,.... 480 lan/sec to -..~ 520 km/sec 
and the density decreases by about a factor of two. We have, therefore, 
identified this event as a reverse shock. 
Figure 5 shows the higher time resolution data for the third Pioneer 10 
shock. This forward shock, which occurs on June 5 (Day 156), is characterized 
by a sharp increase in speed and a simultaneous density increase. 
The next ewo figures present the Pioneer 11 higher time resolution data 
associated with the two shocks denoted in Figure 3. Figure 6 shows the 
forward shock observed on }fay 8 (Day 128). !bloS shock is characterized by a 
sharp increase in speed and a small density increase. 
Figure 7 shows the higher time resolution plasma parameters observed on 
~y 11 (Day 131). The large sharp jump in speed and the pronounced density 
increase clearly denote the passage of a forward shock. 
Table I summarizes the characteristics of these shocks. The average 
trans~t speed of the shock, in km/sec, from the sun to the spacecraft or the 
earth is shown in the column Vs to sic. The local speed of the shock, in 
km/sec, is indicated in the column Vshock<V,N> (Intriligator, 1980). 
The local shock speed was obtained by using the flux conservation 
equation: 
V2N - V N P2 1 PI 
V SHOCK <V, N> - -~N~~-~N~""'=' 
P2 PI 
where VI and V2 are, respectively, the preshock and postshock plasca speeds; 
and N?I and Np2 are, respectively, preshock and postshock proton number 
f 
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densities. In the case of the first Pioneer 10 shock, which occurred during a 
data gap, the plasma parameters measured before the gap and after the gap were 
used in this calculation. For the remaining shocks representative preshock 
and postshock values of the plasma parameters were employed. 
Figure 8 is a comparison of the Pioneer 10 and 11 solar wind speeds and 
the energetic particle data. The energetic particle data are from Pyle, et 
ale Figure 8 shows the times of the shocks in each panel, indicating the 
apparent coincidence of the rise in the energetic particle count rates with 
the first forward shock in each case, and the fall of the count rate with the 
second forward shock. 
The reader should note that the energetic particle data are plotted on a 
logarithmic scale. Therefore, for example, while the three orders of 
magnitude rise (on - Day 110) in the counting rate in the upper panel for the 
11-20 MeV protons on Pioneer 11 looks larger than the rise of one order of 
magnitude on ~~Day 128, in absolute terms a rise from .01 to 10 is not as 
large as a rise from 3 to 30. These numbers apply approximately to the upper 
Pioneer 11 panel in Figure 8 and the same comment applies to the other panels 
of ener3etic particle data. The variations in the 11-20 ~eV counting rates in 
the Pioneer 10 data probably you1d not have been considered significant if no 
other information had been available, but the variations in t~is plot do 
correspond to the larger variations in the other panels of Pioneer 10 data. 
For the time interval between the shocks the counting rates associated with 
the 0.5-1.8 'lev protons is much larger than the counting rate at other 
times. The Pioneer 10 data also show that coinc~dent with the second shock 
there is a decrease in the energetic particle count rate. 
The times of several solar flares are shown by the small triangles. 
These flares produced significant enhancements in the niP energetic particle 
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data as plotted in the Solar-Geophysical Data for April 1978 (see also Figure 
9 below). The dashed lines denote our inferred associations of variations in 
particle count rates with the solar flares. These associations are based on 
the correspondence with the changes in the 0.5-1.8 MeV protons where these 
events are better separated and their interpretation less ambiguous. 
We emphasize that these are not the only events which occurred during 
th~s time. Figure 8 also shows plasma and energetic particle variations which 
are associated with other flares, or perhaps some are associated with CIR's in 
long-lived streams from coronal holes. However, the April flares discussed in 
Pyle, et al., were the most important flares for a period of more than a month 
and we are in agreement with them that these flares and the associated plasma 





Our revision of the flare/shock associations of Pyle, et al., and Van 
Allen is based upon (1) the apparent coincidence of the plasma and energetic 
particle variations indicat~ng that a major disturbance passed through the 
solar system and (2) the evidence we have gathered that the April 15 flare 
was probably of importance 3 and the observation that the April 28 flare was a 
3B flare. 
Since the April 15 flare is important in our analysis, even though it was 
not on the visible disk, it is worthwhile to review the information that 
indicates this flare's existence. First, from early April to late June, 1978, 
there was only one plage region on the sun which frequently produced major 
flares. This region was gi"len ~lcMath numbers 15214, 15266, 15314, and 15368 
on four successive solar rotations. The Solar-Geophysical Data abbreviated 
calendar record indicates that this region is known to have produced two 3B 
flares and three or four 2B flares during this period when it was on the 
visible hemisphere of the sun. Since evidence exists of a major flare on the 
invisible hemisphere of the sun when this region is on that hemisphere, there 
~s a strong presumption that the flare would have occurred in this region. 
The obserled flares of April 8, 28, and 29 discussed in t~is paper all 
occurred ~n this region. Furthermore, it is not improbable that such a large, 
flare-rich region might emit flares on the invisible hemisphere. The rise in 
energetic particle flux that is observed at the earth in the IMP energetic 
particle data late on April 16 (see Figure 9) does not correspond with any 
visible R alpha flare. However, such large rises in count rates at these 
energ~es are not known to be caused by anything other than a solar flare. The 
obvious inference of a major R alpha flare on the invisible hemisphere is 
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strengthened by the remarkably slow rise and long persistence of the 
enhancement. Such behavior is character~stic of flares which occur east of 
the central meridian of the sun since the particles must reach the earth by 
cross-field diffusion rather than the direct field-aligned streaming possible 
for particles from western flares. The farther east the flare, the more 
diffusion is needed, and so the slower the rise and fall and the lower the 
peak flux. A flare east of the eastern limb would show these characteristics 
in an even more exaggerated form. Thus the energetic particle record taken 
alone is strong evidence that a H alpha flare occurred east of the east limb 
roughly a day before the particles arrived at earth. Region 15266 was about 
E150' at this time. Both the known high acti'nty of this region and the long 
persistence of the particle enhancement, indicating an energetic flare that 
produced many particles, imply that a large flare occurred at this time. We 
are referring to this flare as the "April 15" flare because the timing of the 
arrival of particles suggests that the flare most likely occurred sometime in 
the morning or afternoon of April 15. However, if the flare occurred late on 
the 14th the conclusions in this paper would not be changed. 
The recent publication on "maj or flares" (Dodson and Hedeman, 1981) 
indicates an event on the morning of April 15 from 0630 UT to 0703 ITT 
occurr~ng at N14W08 in ac!.fath Region 15235. Their listed information 
concerning this flare is unusual in that there is no observed H alpha activity 
associated with the flare yet they list a great deal of ~ntense rad~o 
activity. Based on the ~ and Pioneer observations, we would argue that the 
listed intense radio activity can be associated wi th a "maj or flare" - a 3b 
flare - on the invisible hemisphere of the sun. The flare could easily have 
lasted longer than the observed radio activity. We conclude that the recorded 
radio activity is also supporting evidence for the existence of a major flare 
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(3b) on the invisible hemisphere on April 15. 
Figure 8 indicates the shocks in the Pioneer 10 and 11 solar wind plasca 
data and the simultaneous changes in the energetic particle observations. 
Table 1 shows agreement (± -150 km/sec) between the average transit speeds, 
Vs to sic' from the sun to Pioneer 10 and 11 for the April 15 flare. Since 
the April 15 flare did not occur on the visible disk we do not know the exact 
time of the flare, although on the basis of the Dodson and Hedeman listing we 
know that the flare most likely occurred before 0630 UT which would yield a 
transit speed < 639 km/sec. The transit time from the sun to Pioneer 10 and 
11 is long enough that in each case the uncertainty about the time of day when 
this flare occurred does not lead to significant uncertainty in the average 
transit speed. However, in the case of the earth the average transit speed is 
highly uncertain (see Table 1) since the distance and times are relatively 
short. Identification of the Dodson and Hedeman listing as the flare would 
give good agreement of speeds in this case also. 
Another strong piece of evidence supporting our flare/shock associations 
is that the first shock was strong at Pioneer 10 but weak at ?ioneer 11, while 
the second shock was weak at Pioneer 10 and strong at Pioneer 11. Given the 
closeness of Pioneer 10 to the ecliptic longitude of the first flare and the 
closeness of Pioneer 11 to the ecliptic longitude of the second flare, this 
relation of shock strengths is just what would be expected based on previous 
experimental and theoretical studies (~ryer, 1975; Intr~ligator, 1977) of 
shock strengths as a function of azimuth from the longitude of the flare. The 
Pioneer 11 plasma observations on May 8 (Figure 6) associated with the first 
flare, for example, were measured at a longitude considerably east of the 
flare site. Dryer (1975) indicates that at this relative location the shock 
would tend to have the appearance of a quasi- parallel shock with the 
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attendant jagged plasma parameter fluctuations. The Pioneer 11 plasma data in 
Figure 6 are consistent with this ',iew of the longitudinal evolution of 
interplanetary shocks. 
As discussed in more detail below, during this time there is also no 
evidence for other solar events of sufficient magnitude to be likely 
alternative candidates for the sources of the shocks. The details of the 
plasma and energetic particle variations at Pioneers 10 and 11 for these 
events do not resemble a CIR from a coronal hole stream. 
It appears that we have evidence from 1 to 16 AU for a correspondence 
between the depth of a Forbush decrease in cosmic ray detectors and the local 
strength of a shock as measured by plasma (and perhaps also plasma wave) 
instruments. Examination of Figure 2 from Van Allen (1979), which for 
completeness we have reproduced here as Figure 10, indicates that Detector C 
of the University of Iowa cosmic ray instrument on Pioneers 10 and 11 appears 
\ 
to show small Forbush decreases at about Day 128 (Uay 8) at Pioneer 11 and Day 
156 (June 5) at Pioneer 10, corresponding with the times of arrival of the 
small shocks we discussed above. Pyle, et al., cite a small decrease on April 
17 which they tentatiyely associate with the April 15 flare. Examination of 
the TItP solar wind data in the Solar-Geophysical Data shows that a small shock 
passed the earth at the t~me of a sudden commencement that began a brief, weak 
magnetic storm (maximum ~ - 5-). Thus we have evidence that these weak 
shocks propagated from 1 to 16 AU and produced weak modulation effects while 
the strong shocks which attracted previous attention produced strong 
modulation. The "ambient" earth-based observations show that th~s 
correspondence is not "perfect" at 1 AU but the existence of such 
correspondences in these data for larger rad~al distances ra~ses the 
possib~lity that the behavior is simpler at larger distances and may clarify 
1 1 
the complexities seen at 1 AU. 
Further evidence of the traversal of the shock may be provided by the 
possible observations of the shock by the Voyager plasma wave instrument (F.L. 
Scarf, private communication) and plasma science instrument (J. Belcher, H. 
Bridge, private communication). The Voyager plasma wave instrument (PWS) 
observed a shock on April 24, 1978 at approximately 1435 UT. This event is 
shown in Figure 11. The Voyager 1 plasma science (PLS) data show a moderate 
(~ 50 km/sec) increase in speed (in the hourly averages) in association with 
this event. At this time Voyager 1 was at 3.00 AU and its earth-sun-probe 
angle was 248.80 • AsSOCiating this shock with the April 15 flare we obtain an 
average transit speed (Vs to sIc) for the shock of approximately 550 km/sec. 
This transit speed is intermediate between the corresponding average transit 
speeds obtained for this event from the Pioneer 10 and Pioneer 11 observations 
(see Table I). Moreover, this agreement is particularly reasonable given the 
longitudinal location of Voyager 1 with respect to the flare site and the 
Pioneer 10 and 11 spacecraft. The plasma wave observations are most likely 
indicative of a quasi-parallel shock in agreement with our discussion 
concerning the plasma obser~ations of this event at Pioneer 11. 
~e conclude that the April 15 and April 28 flares were extremely 
energetic events with the April 15 flare producing enormous numbers of highly 
energetic particles. A rough indication of the energies of these events can 
be ~nferred by comparing the energetic particle curves for the April 15 and 28 
flares in Figure 8 with the particle production of the April 8 flare which was 
~ 2B event. Comparing the particle and ?lasma data for these events with 
those, for example, of the August 1972 events suggests that often flares 
smaller than importance 3 are not as likely to have sufficient power to cause 
maJor shocks in the outer solar system. Importance 3 flares are sufficiently 
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rare that observations of a pair of such flares, 'within two weeks, followed by 
the observation of plasma and particle disturbances in the outer solar system 
generally consistent with the constant speed approximation used successfully 
elsewhere, provides a strong presumption for associating corresponding 
events. It is tempting to speculate that had the April 15 flare occurred on 
the "visible hemisphere of the sun, as the April 28 flare did, it would have 
been classified as of importance 3 and the interplanetary associations might 
have been deduced immediately. The IMP particle detector record indicates 
clearly that no major R alpha flares occurred, though several minor flares 
did, between April 15 and April 28. Coronal holes and their associated high 
speed streams usually do not produce such disturbances in the inner solar 
system. Also, the characteristics of corotating interaction regions (CIR's) 
are quite different from the plasma and energetic particle observations 
presented in this paper. Therefore, it appears that there are many lines of 
evidence supporting our flare/shock associations. 
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PARTICLE CONFINElmNT 
Confinement of the energetic particles between the f~rward shocks is 
strongly suggested by the manner in which the particle count rates rise with 
the first forward shock and fall with the second. Currently we do not have 
access to higher time resolution energetic particle data so that the exact 
timing of the energetic particle variations cannot be defined in greater 
detail. However, the coincidence of the shocks and the gross changes in the 
energetic particle count rate is so evident that the principal aim of future 
more detailed studies (e.g., employing higher time resolution energetic 
particle data) is likely to be directed toward studying the structure or 
mechanism of this event, or comparison with other events. 
All of the observations are consistent with a view in which energetic 
particles from the April 1978 solar flares, as well as particles accelerated 
at the shocks, were confined between the two shocks, and were compressed as 
the faster moving second shock was overtaking the first shock. If we consider 
Figure 8, we see that it must show two groups of particles from each flare -
the ones arriving first that propagate freely to the spacecraft and the 
trapped particles arriving later since they are confined by the interplanetary 
shocks. The particles that propagate freely to the spacecraft travel with a 
speed of tens of thousands of kilometers per second, and even allowing for 
irregular paths in diffusion, arrive at the spacecraft in only a few days. In 
contrast, the trapped particles must have a bulk motion no faster than the 
plasma shocks which confine them and which travel at speeds of hundreds of 
kilometers per second. Thus the trapped particles arrive with the shocks much 
later than the freely propagating particles. Generally some particles for 
each flare would be trapped and some would propagate freely. 
A schecatic depiction of this trapping concept is presented in Figure 
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12. In this figure the locations of the shocks and the trapped particles are 
depicted approximately as they would have been on ~1ay 8 when the first shock 
reached Pioneer 11. The shock fronts in the vicinity of Pioneer 10 and 11 
have been drawn by using the constant-speed approximation discussed above and 
connecting the points with arcs of circles. The trapped particles have been 
depicted extending over this angular range, and slightly beyond, since it 
appears plausible that the particles could be present over the angular range 
between the two spacecraft and perhaps outside. The constant-speed 
approximation indicates that the second shock would overtake the first shock 
near 9 AU in the ecliptic longitude vicinity of Pioneer 11. This would imply 
that the appearance of the shocks and particles may be significantly different 
as they approach Pioneer 10. The reverse shock is not shown in Figure 12 
since we do not know where it was formed. 
The shape of the shock fronts is likely to have been a little different 
from the arcs of circles shown in Figure 12 but available observations do not 
provide enough information for a more realistic portrayal. In particular, the 
shape of the second shock front, propagating into the ejected gas from the 
first solar flare and into the shocked ambient solar wind, is difficult to 
estimate. Table I shows that the constant speed assumption clearly does not 
hold as well for the second shock as it does for the first - the first shock, 
of course, propagated into relatively undisturbed solar wind. However, the 
behavior of the second shock may be comparable to the larger apparent speed 
variations of the shock associated with the third solar flare of the August 
1972 events (Intriligator, 1977), Tihich also propagated ~nto d~sturbed solar 
wind conditions. Sufficient numbers of multi-spacecraft observations and 
hydrodynam~c calculations, such as those described in Dryer (1975), should 
eventually allow more realistic estimates of shock propagation and shock 
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shapes in the outer solar system. 
In the case of the April/May events, it appears poss1ble that some of the 
observed characteristics of the energetic particles in the vicinity of the 
shocks might be partially due to the trapping process. Specifically, the 
absence of dispersion with energy may be understandable in terma of the 
particle confinement between the shocks. If the particles have been reflected 
repeatedly between the shocks, rather than propagating freely from the sun, 
this may account for the lack of dispersion. 
An additional line of eVidence for particle confinement may be found in 
comparing the relative magnitudes and durations of the energetic particle 
enhancement between the two shocks in this event with the magnitude and 
duration of the enhancements at both Pioneer 10 and 11 associated with the 
single major shock emanating from the solar flare on September 23, 1978, and 
perhaps also from the flare of September 27, 1978. Another figure from Pyle, 
et al., a portion of their Figure 4 which we have reproduced here as Figure 
13, indicates that in the case of the September flare the effect at both 
spacecraft is almost undetectable for 11-20 MeV protons, and the enhancement 
in 0.5-1.8 MeV protons at Pioneer 10 was strong but brief when the shock 
passed with a rapid rise and a more or less exponential decline. Thus, the 
energet1c particle obser~ations for these September flare events are unlike 
the more nearly rectangular profile of the energetic particle enhancement in 
the same energy range ohser~ed between the April shock pair as shown in Figure 
8 above. Similarly, the enhancement in this energy range at Pioneer 11, when 
the shock for the September event reached there in late October, was also much 
smaller than the energetic particle enhancement between the shocks associated 
W1th the April events shown in Figure 8 above. 
d recent paper (Webber and Lockwood, 1981) may provide indirect eVidence 
for the trapping of energetic particles between interplanetary shocks. Webber 
and Lockwood studied the long-term modulation of cosmic rays with energies 
greater than 60 MeV, employing Pioneer, Voyager, and IMP data from 1972-
1980. They conclude that "the long-term ClOdulation effects are propagated 
outward radially from the sun with a typical speed of 350-500 km/sec." These 
authors discuss this outward propagation effect and the fact that it is 
opposite to a time dependent cosmic ray model (O'Gallagher and ~1aslyar, 1976) 
which assumes inward propagation from the extended boundary. ~ebber and 
Lockwood conclude that conventional stationary state modulation theories need 
to be modified. It is tempting to speculate that the solar modulation 
effects' outward radial propagation at speeds comparable to the solar wind 
speed is attributable, at least in part, to the confinement of energetic 
particles between interplanetary shocks. 
Two interesting speculations are raised by the cons~derations of shock 
propagation. Pioneer 10 is travelling toward the expected tail of the 
heliosphere and it is possible that another spacecraft at 16 AU moving, for 
example, toward the heliosphere apex, would not have seen the prolonged 
modulation observed by Pioneer 10. That is, in the direction away from the 
apex (toward the tail) the solar wind is expected to remain supersonic and 
fully ionized to larger distances from the sun than it is in other 
directions. Thus, a plasma shock front would be able to propagate to larger 
heliocentric distances in the heliospheric tail direct~on than Ln other 
directions where it would reach the heliosphere boundary sooner. Therefore, 
the shock would cont~nue to be a barrier to energetic particle propagations 
longer in this tail direction than Ln other directions. 
A related speculation concerning modulation concerns the properties of 
the snocks themselves. tJe noted above that the shocks from the September 
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flares produced negligible acceleration in the 11-20 !1eV protons at Pioneers 
10 and 11. Pyle, et al., note that the September flare also produced 
negligible modulation of cosmic ray particles. In contrast the shocks 
associated with the April flares had large effects on the 11-20 MeV protons 
(which presumably included some acceleration), and produced a large modulation 
effect which Pyle, et al., discuss at length. This raises the question of how 
the acceleration spectrum of a shock relates to its modulation effect. Based 
on this evidence, it is tempting to speculate that a shock which accelerates 
more particles may be a better modulator of particles from other sources. If 
such a relation exists, it might clarify phenomena observed at many locations 
in the solar system. However, proving such a relation might involve a related 
question of considerably more basic physical significance. For a shock to be 
a persistently effective accelerator or modulator requires it to have some 
property which is characteristic of the shock itself and not of the plasma 
through which it propagates. The nature of this property might be simply 
geometric, perhaps no more than something related to its angular extent; or it 
might be fluid dynamic, such as the Mach number difference across the shock; 
it mi3ht involve turbulence properties or something as subtle as spectral 
properties of the plasma waves within the shock. If such effects would be 
demonstrated and understood, it might be a significant advance in space 
physics and basic plasma physics. However, at the moment it is not clear how 
such phenomena could be produced in the laboratory and analyzing such effects 
in observations of natural phenomena would be very complex. 
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AZ UflJTHAL AS'YMMETRY 
A careful examination of the data wh~ch we will describe in detail below 
provides a variety of evidence for lack of cylindrical symmetry in particle 
behavior. These departures from azimuthal symmetry could be the result either 
of the persistence of the extreme azimuthal asymmetry in the particle flux 
nearer the sun or they could be the result of solar wind effects. We will 
first present evidence for initial asymmetries in the particle populations. 
This evidence appears stronger than the possible effects from the solar 
wind. Nevertheless, the data are not detailed enough to distinguish clearly 
berween these different possible explanations. 
As noted in the Observations, the triangles in the upper part of Figure 8 
denote the times of the flares. We have used the dashed lines to connect the 
flares to their associated energetic particles rises. The Pioneer 10 
observations show that the particle fluxes from the April 28 and 29 flares 
were greater at Pioneer 10 than the fluxes from the April 15 flare. The flux 
of 0.5-1.8 MeV protons was about ten times higher before the arrival of the 
particles confined by the shocks, and the flux of 11-20 ~leV protons was about 
twice as high. However, the data in Figure 9 at the earth do not suggest that 
the particle population produced by the April 28 and 29 flares was notably 
softer than the particle population from the April 15 flare. In the broad 
rise associated with the April 15 flare, each particle population reaches a 
peak value of 10-2 of the peak on May 1 from the Apr~l 28 and 29 flares. 
This suggests that the shapes of the particle spectra for these flares were 
quite similar. The validity of the comparison berween the data obtained in 
the vicinity of the earth and that obtained at Pioneer 10 is apparently 
confirmed by comparison of these later April flares and interplanetary events 
with those of the flare of Apr~l 8 and its associated observat~ons. The IMP 
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data confirm that this flare produced a much softer particle spectrum than 
either of the later flares - the peak flux for 0.16-0.22 !1eV particles after 
April 8 is more than ten times higher than the peak flux in this energy range 
following the April 15 flare. Since these observations were made under 
similar conditions, when the spacecraft was inside the earth's magnetosphere, 
this comparison is important. These observations and other nfP observations 
of the low and intermediate energy proton data indicate that the data are not 
seriously compromised by the magnetospheric location. The April 8 flare 
spectrum decreases much more rapidly with increasing energy than the April 15 
spectrum. For the 40-80 MeV protons, the April 8 peak flux is about 10 times 
lower than the April 15 peak flux. The ratios at intermediate energies have 
intermediate values. This observed softening of the spectrum for the April 8 
flare has its counterpart in the Pioneer observations. Figure 8 shows an 
unm1stakable peak corresponding to the April 8 flare in the 0.5-1.8 MeV data 
from each spacecraft, but no clear variation in the 11-20 ~eV data. The broad 
peak in the Pioneer 11 data clearly begins several days before the April 8 
flare. 
Comparison of the particle data discussed above strongly suggests that 
the 11-20 ~V protons spread out (perhaps latitudinally as well as 
longitudinally) much more than the 0.5-1.8 ~eV protons. This is also 
suggested by the smoothness of the time profiles of the higher energy protons 
as compared with the profiles of the low energy protons. Each flare produces 
a separate peak in the low energy proton data at both Pioneer 10 and 11, while 
observations from both spacecraft show much smoother variations in the higher 
energy proton count rates. :hus we see that the spreading process seen at 16 
AU appears already well advanced at 7 AU. 
Thus it also may be significant that the peak count rates associated -N.lth 
20 
the April 28 and 29 flares at Pioneer 11 are lower, by a factor of 
approximately five than the peak count rates for the April 15 flare, reversing 
the relation seen at Pioneer 10. 
A strong departure from azimuthal symmetry for protons at > 80 ~1eV is 
indicated by the comparison of the peak in the Pioneer 11 count rate about Day 
112 (April 22) in Figure 2 of Van Allen (see Figure 10 in the present text) 
with the corresponding Pioneer 10 data. No corresponding peak is apparent in 
the Pioneer 10 data. The peak in the Pioneer 11 energetic proton data 
occurred at a time consistent with its being associated with the April 15 
flare. Moreover, we calculate that Pioneer 11 was about 1000 away from field 
lines connecting to the site of the April 15 flare, while Pioneer 10 was about 
2000 away. Thus Pioneer 11 was much more favorably located for detecting 
particles from that flare than was Pioneer 10. 
Comparison of the 11-20 MeV panels in Figure 8 above suggests that the 
spectrum of this event at Pioneer 11 was significantly harder than the 
spectrum of the corresponding event at Pioneer 10. In addition, the Pioneer 
11 spectrum for this event was also much harder than the spectrum detected at 
both Pioneers in association with the April 28 flare. The contrast is even 
more extreme when the> 80 MeV data from Van Allen, as discussed above, are 
included. Rather than increasing symmetry with radial distance as with 
energy, this result suggests departures from azimuthal symmetrJ and perhaps 
even a surprising increased beaming as a function of energy of the h~gh energy 
particles along the field lines. 
Interplanetary acceleration is another possible explanation for some of 
the phenomena discussed above. The large distances bet~een the spacecraft, 
both radially and azimuthally, and the absence of out-of-ecliptic 
observations, raise the poss~bility that unobserved stream-stream ~nteractions 
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or some other process which is presently not clearly understood, may have 
accelerated large numbers of particles from lower energies nearer the sun up 
to energies in the 0.5-1.8 MeV range or higher. However, the rise in particle 
count rate at Pioneer 10 between approximately May 15 and ~uy 25 (Day 135 and 
Day 145), 1978 discussed above, for example, is smoother than the impulsive 
acceleration usually observed at shocks. The available plasma analyzer data, 
while covering less than half of each day, nevertheless do not show any strong 
evidence for additional strong shocks. At the moment we are far from having 
enough evidence to make any definite claims for the role of interplanetary 
acceleration in the Pioneer 10 and 11 data at times well before and well after 
the shocks discussed above. However, the strea~9tream interactions that 
produce known interplanetary acceleration effects tend not to be azimuthally 
symmetric, so that this alternative mechanism could also prevent the 
attainment of azimuthal symmetry in energetic particle distributions. 
The complexity of behaVior thus revealed suggests that if azimuthal 
symmetry is attained by particles ejected from solar flares, it is highly 
energy dependent. These results raise the possibility that the 11-20 ~eV 
particles did not reach azimuthal symmetry at 16 AU. Similar characteristics 
of relative smoothness of the lower and higher energy particles and other 
evidence of a lack of azimuthal symmetry at 0.5-1.8 ~eV are shown in the 
September-october 1978 data 4n Figure 4 of Pyle, et ale (see Figure 13 in the 
present text). This evidence for h~ghly energy-dependent cross-field 
diffusion of Mev protons over a w~de range of radial distances in the outer 
solar system appears to clarify the highly energy-dependent modulation by the 
shocks associated with the April flares shown in Figure 2 of Pyle, et ale 
The heliospheric tail effect that we speculated on above could be a 
boundary condition breaking down cylindrical symmetry at sufficiently large 
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heliocentric distances, even if the symmetry was present closer to the sun. 
However, examination of Figures 8 and 9 above suggests that the variations of 
the energetic particles is not entirely independent of flare longitude 
although considerable spreading evidently occurs. 
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CONCLUSION 
The Pioneer 10 and 11 plasma analyzers obser~ed a pair of shocks froa 
conveniently located solar flares which occurred on April 15 or 16, and on 
April 28 (and 29),1978. Comparison of the plasma data with the simultaneous 
energetic proton data indicates that large numbers of protons having energies 
between 0.5 and 1.8 MeV, and between 11 and 20 MeV (hence also, presumably, in 
the intermediate 1.8-11 MeV range) were trapped between these shocks. The 
trapped particles may have been accelerated by the shocks, or they may have 
been ejected by the flares, or they may have been ambient cosmic rays. It is 
likely that all three sources contributed to the final populations. 
A recent paper (Webber and Lockwood, 1981) on the long-term modulation of 
cosmic rays (> 60 MeV) may provide indirect evidence for the trapping of 
energetic particles between interplanetary shocks. After studying Pioneer, 
Voyager, and IMP data from 1972-1980 they concluded that solar modulation 
effects are propagated outward radially from the sun at speeds comparable with 
the solar wind speed; and consequently, that conventional stationary state 
modulation theories need to be modified. It is tempting to speculate that 
their results are attributable, at least in part, to the confinement of 
energetic particles between interplanetary shocks. Both our results and those 
of Webber and Lockwood ~ndicate that the propagation of energetic particles 
and their associated cosmic ray modulation effects may be different from those 
prev10usly assumed (e.g., Pyle, et al., Van Allen, O'Gallagher and :iaslyar, 
etc.). 
This is the first report, to our knowledge, that shocks whose plasma 
signatures are as faint as the smaller shocks described above can apparently 
significantly affect MeV protons. Considering that Pioneer 11 was 
approximately 1000 W of the April 15 flare and that Pioneer 10 was about 1300 
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E and 1500 E of the April 28 (and 29) flares, respectively, these observations 
are direct evidence for shock effects that could produce modulation, "not only 
around the equatorial zone ••• but at least to moderately high latitudes" (Pyle, 
et al.). 
The ob8er~ed shocks show a strong azimuthal asymmetry, each shock being 
unmistakably evident in the plasma data at one spacecraft and barely 
detectable in the plasma data at the other spacecraft. The azimuthal 
variation of shock strength is consistent with studies employing observations 
obtained closer to sun. It is also consistent with theoretical studies at 
closer heliocentric distances (e.g., Dryer, 1975). The evidence indicates, 
however, that at large heliocentric distances the very weak shocks still have 
a strong effect on the MeV protons. 
The azimuthally varying plasma behavior suggests that the azimuthal 
symmetry which was inferred by Pyle, et al., and Van Allen for the more 
energetic particles also may not be complete. ~Je have found variations in 
energetic proton behavior which are consistent with energy-dependent cross-
field diffusion or perhaps with some possibly unfamiliar interplanetary 
acceleration process. Either possibility could lead to azimuthal asymmetries 
which might actually clarify the observed energy-dependent modulation. 
Further insight might be obtained from continued tracking of Pioneer 10 
and Pioneer 11 and Voyagers 1 and 2 as they move outward from the sun and as 
t~e solar cycle progresses. In particular, Pioneer 10 is the only spacecraft 
~oving toward the heliospheric tail. If the declining phase of the solar 
cycle produces large flares comparable to the August 1972 events, we shall be 
able to see what effect they have on the plasmas and energetic particles of 
the outer solar system. 
25 
ACKNOt~El)GEMENT 
This paper represents one aspect of research carr~ed out by Carmel 
Research Center for NASA Ames Research Center under Contract NAS2-l0925 and 
for NASA Headquarters under Contract NASW-35l5. The Pioneer 10/11 plasma 
parameters utilized in this study are based on our analyses of the Experiment 
Data Record (EDR) and our analyses of the least squares output from the NASA 
Ames Research Center plasma program. We thank the Ames plasma group for 
making the least squares data available for us. We are indebted to Dr. F.L. 
Scarf (TRW) and Drs. J. Belcher and H. Bridge (MIT) for generously providing 
their Voyager data. 
References 
Dodson, H.W. and E.R. Hedeman, Experimental Comprehensive Solar Flare Indices 
for "~jor" and Certain Lesser Flares 1975-1979, U.S. Dept. of Commerce, 
page 9, 1981. 
Dryer, M., Interplanetary Shock Waves: Recent Developments, Space Sci.Rev., 
J:1., 277, 1975. 
Intriligator, D.S., Pioneer 9 and Pioneer 10 Observations of the Solar Wind 
Associated with the August 1972 Events, J. Geophys. Res., 82, 606, 1977. 
Intriligator, D.S., Transient Phenomena Originating at the Sun -- An 
Interplanetary View, Solar and Interplanetary DynamiCS. Proc. of IAIT 
SympOSium No. 91 (M. Dryer and Tandberg-Hanssen, Eds.), D. Reidel 
Publishing Co., Dordrecht, Holland, 357, 1980. 
O'Gallagher, J.J. and G.A. Maslyar, A Dynamic Model for the Time Evolution of 
the Modulated Cosmic Ray Spectr1.DD," J. Geophys. ~, ll, 1319, 1976. 
Pyle, K.R., J.A. Simpson, J.D. Mihalov, and J.il. Wolfe, Large-Scale Xodulation 
of Galactic Cosmis Rays and Anomalous He Observed at ~ 16 AU with Pioneer 
10, 16 th IntI. Cosmic Ray Conf., ~ 345, 1979. 
Solar-Geophysical Data, Parts I and II, U.S. Dept. of Commerce, 1978. 
Van Allen, J.A., Propagation of a Forbosh Decrease in Cosm1c Ray Intensity to 
15.9 AU, Geophys. Res. Lett., ~ 566, 1979. 
Van Allen, J.A., Galactic Cosmic Ray Intensity to a Heliocentr1c Distance of 
18 AU, Ap.J •• 238. 763, 1980. 
tolebber, W.R. and J .A. Lockwood, A Study of the Long-Ter:n Variation and Radial 
Gradient of Cosmis Rays Out to 23 AU, J. Geophys. Res., in press, 1981. 
TABLE I 
LocatlOn Shock Date Time, UT Vs to sIc Vshock<V,N> Flare 
PlOneer 10 fwd May 27 0000 678 649 Aprl1 15 
Ploneer 10 rev? June 1 0427 - 470 -
PlOneer 10 fwd June 5 0640 738 579 Aprl1 28 
PlOneer 11 fwd t~ay 8 0300 526 492 April 15 
PlOneer 11 fwd May 11 1800 910 766 Aprl1 28 
Earth fwd Apri 1 17 2345 600-800 530 Aprl1 15 









Pioneer 10 and 11 locations and the geometric relations of the 
spacecraft and flares in early 1978 (adapted from Van Allen, 
1979). The principal flares which we consider are the 3B flares 
on April 15 and 28. 
Detailed plot of Pioneer 10 speed and density data. Gaps indicate 
times of no tracking. ~e shocks are indicated. The first shock 
appears to have occurred during a tracking gap. 
Detailed plot of Pioneer 11 speed and density data similar to that 
shown for Pioneer 10 in Figure 2. 
Higher time resolut~on Pioneer 10 plasma data on June 1, 1978. On 
the basis of the increase in speed and the accompanying density 
decrease we have tentatively identified this event as a reverse 
shock. 
Higher time resolution Pioneer 10 plasma data on June 5, 1978. On 
the basis of the sharp increase in speed and a simultaneous 
density increase this has been identified as a forward shock. 
Higher time resolution Pioneer 11 plasma data on ~ay 8, 1978. The 
sharp increase in speed and the (small) density increase have led 




Higher time resolution plasma data on May 11, 1978. On the basis 
of the large increase in speed and the pronounced density increase 
we have identified this as a forward shock. 
Parallel plots of energetic protons in two energy ranges and the 
solar wind speed at Pioneers 10 and 11. The shock times are 
marked in each panel to show the coincidence of the plasma and 
particle changes. Triangles show the times of the flares which 
caused the shocks. The black triangles denote flares observed on 
the v~isible hemisphere; the white triangle denotes the April 15 
flare, which is inferred from the plasma and particle data. 
Dashed lines show associations between flares and variations in 
the energetic particle count rates. The variations are both 
distinct rises and changes in the slope of the count rate. The 
ordinates for the energetic proton data are logarithmic. The 
small vertical lines with circles in the two top panels denote the 
heliocentric distance of the respective spacecraft - the 7 AU 
location for Pioneer 11 is shown and the l6AU location for Pioneer 
10 is shown (the 15.5 AU location for Pioneer 10 is indicated 
without a label). This figure is adapted from Pyle, et al., but 
we corrected a two-day offset in the Pioneer 11 data and where 
available we replaced the quick look solar wind speeds with the 
speeds from least squares fits to the data. 
Energetic particle data from detectors on the IMP spacecraft for 
the particle variations associated with the flares discussed in 
the text. These data were replotted on a single vertical scale 
from plots with varying scales in Solar-Geophysical nata. The 
curves are particle count rates for protons in the specified 
energy ranges in t1eV. Note the very prolonged enhancement 
apparently associated with the April 15 flare. The rises 
associated with the April 28 and 29 flares are so large that the 
cur~es have been labeled again on the right side of the large 
panel in order to clearly identify the count rates after these 
flares. The data associated with the April 8 flare are shown in 
the small panel for comparison (see text). 
Figure 10. Figure 2 from Van Allen (1979). Upper panel: daily mean scaled 
counting rate of Alert neutron monitor (Solar Geophysical Data, 
1978); middle panel: five day weighted running mean counting 
rates of University of Iowa detector C (protons > 80 MeV) on 
Pioneer lli lower panel: the same for detector C (protons> 80 
MeV) on Pioneer 10. The approximate onset time of the Forbush 
decrease and the heliocentric radial distance and ecliptic 
longitude are shown in each case. All ordinates are logarithmic. 
Figure 11. Voyager 1 plasma wave observations of the passage of a shock on 
Apr~l 24, 1978 (F.L. Scarf, private communication). We identify 
these observations with the passage of the shock associated with 
the April 15 flare. 
Figure 12. Schematic depiction of the estimated shock and particle 
configurat~on in or near the ecliptic plane about ~ay 8, 1978. 
The total angular extent of the shocks and trapped particles in 
the ecliptic plane is not known, nor is the behavior well away 
from the ecliptic. As the shock speed varied with ecliptic 
longitude the shock fronts are drawn as arcs of circles not 
centered at the sun. Assumptions used in constructing the figure 
and the limits of the extrapolations are discussed more in the 
text. 
Figure 13. Adapted from Figure 4 of Pyle, et ale The energetic proton 
observations associated with the September flares are unlike the 
more nearly rectangular profile of the energetic proton 
enhancement in the same energy range observed for the April shock 
pair shown in Figure 8 (see text). 
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the plasma analyzer experiment on Pioneer 10 and Jupiter. 1974. 
National Academy of Sciences, National Research Council Post-doctoral 
Fellowship, 1967-1968. 1968-1969. 
Sigma Pi Sigma. Physics Honor Society. elected 1964. 
Karl Taylor Compton Prize. M.I.T •• May 1962. 
PROFESSIONAL EXPERIENCE: 
1979 - Senior ~esearch Physicist 
Carmel Research Center 
Post Office Box 1732 
Santa Monica. CA 90406 
Also affiliated with Earth and Space Sciences Institute 
University of Southern California 
171 sas 
University Park 
Los Angeles. CA 90007 
Research in experimental physics, space physics, plasma physics, and planetary 
phys1cs. 
Invest1gator of the solar wind 10n analyzer on the International Solar Polar 
~u'ssion. 1979-1980. 
Co-Investigator of the plasma analyzer experiment on the Pioneer Venus Orbiter 
!u'ssion, 1974- • 
Co-Invest1gator of the plasma analyzer experiment on the Pioneer 10 Mission to 
Jupiter, 1968- • 
• 
u.s. Intri1igator 
Profess~onal Exnerience (continued) 
Co-Investigator of the plasma analyzer exper~ment on the Pioneer 11 ~11ssion to 
Jupiter and Saturn, 1968- • 
Consultant to National Aeronautics and Space Administration, 1979, 1980, 1981. 
Consultant to National Science Foundation, 1979- • 
Consultant to Jet Propulsion Laboratory, 1980- • 
Co-Chairman, National Academy of Sciences Study, "Solar Terrestrial Research 
for the 1980's," 1979, 1980, 1981. 
Member, Advisory Committee, National Science Foundation, Division of 
Atmospheric Sciences, 1979, 1980, 1981. 
~iember, Atmospheric and Space Physics Management Operations ~/orking Group, 
National Aeronautics and Space Administration, 1980- • 
Principal Investigator of the proposed plasma investigation for the OPEN 
Mission, 1980- • 
Principal Investigator of the proposed plasma investigation of the COMET 
Mission, 1980- • 
Co-Investigator of the Pioneer 6, 7, 8, and 9 Ames Research Center solar wind 
plasma spectrometers, 1967- • 
Pr~nc~pal Investigator of the USC Astrophys~cal Laboratory, a large (20 ft x 
15 ft) experimental flowing plasma facility utilizing a 1 keV source, 1975- • 
1972-1980 Member of the Faculty 
Department of Physics 
University of Southern California 
Los Angeles, CA 90007 
Research and teaching in experimental physics, astrophysics, plasma phYSics, 
planetary phYSiCS, and space physics. 
Co-Invest~gator of the plasma analyzer experiment on the Pioneer Venus Orb~ter 
:11s5ion, 1974- • 
Co-Invest~gator of the plasma analyzer experiment on the Pioneer 10 Mission to 
Jupiter, 1968- • 
Ca-Invest~gator of the plasma analyzer experiment on the Pioneer 11 l11ss~on to 
Jupiter and Saturn, 1968- • 
Co-Cha~rman, National Academy of Sciences Study, "Solar Terrestrial Research 
for the 1980's." 
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Professional Experience (continued) 
!1emer, Advisory Committee, National Science Foundation, Division of 
Atmospheric Sciences, 1979-1980, 1980-1982. 
!1ember, Committee on Solar-Terrestrial Research, Geophysics Research Board, 
National Academy of Sciences, National Research Council, 1976-1979. 
Participant, National Academy of Sciences summer study on "Priorities in Upper 
Atmospheric Research for the 1980's," t~oods Hole, Mass., July 2-9, 1973. 
Principal Investigator of the proposed plasma investigation for the 1981-1982 
Jupiter Orbiter (Galileo). 
Co-Investigator of the Pioneer 6, 7, 8 and 9 Ames Research Center solar wind 
plasma spectrometers. 
Principal Investigator of the USC Astrophysical Plasma Laboratory, a large (20 
ft x 15 ft) experimental flowing plasma facility currently in operation with a 
1 keV plasma source. 
Nominated for Secretary, Solar-Planetary Relationships, American Geophysical 
Union 1978, 1979. 
Member, Working Group 2, Panel B on the Interplanetary Uedium and Its 
Interactions, Committee on Space Research (CaSPAR), 1976-1979. 
Principal Investigator of the proposed planetary and interplanetary plasma 
experiment on the Hariner Jupiter-Uranus Mission. 
Principal Investigator of the proposed plasma interactions with the moon 
experiment on the Lunar Polar Orbiter Mission. 
Co-Investigator of the proposed Ames Research Center solar wind plasma 
analyzer on the Mariner Jupiter-Saturn Mission. 
Principal Investigator of the proposed Out-of-the-Ecliptic Explorer Mission. 
Visiting Associate in Physics, California Institute of Technology, Pasadena, 
Californ1a, 1972-1973. 
Guest Investigator for USFC/AC Experiment on Apollo Telescope Mount on Skylabs 
1, 2. and 3. 
Member, Space and Atmospher1c Physics Techn1cal Committee, American Institute 
of Aeronautics and Astronautics, 1971, 1972, 1973. 
Chairman, Space Science Award Select10n Committee, American Institute of 
Aeronautics and Astronautics, 1973. 
:fember. Technical Committee, "The Exploration of the Outer Solar System." 
Joint AIAA-AGU Meeting, Denver. Colorado, July, 1973. 
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Profess10nal Experience (continued) 
Taught Physics 100, a course for nonphysics oajors, 1976-1977, 1977-1978, 
1978-1979 and Physics 151, a course for physics majors, 1972-1973, 1974-1975, 
1975-1876. 
Superlisor of research of graduate students. Employer of graduate and 
undergraduate students assisting in various research projects. 
Principal Investigator of research grants and contracts. 
9/69 to Fall 1972: Research Fellow in Physics 
California Institute of Technology 
Pasadena, California 91125 
Research and teaching in space physics, astrophysics, and plasma physics. 
}fember, Outer Planet Missions Plasma Team to place plasma experiments on 
missions to investigate extended regions of the solar system and the 
interstellar medium. 
Co-Investigator of the Pioneer 6, 7, 8 and 9 Ames Research Center solar wind 
plasma probes. 
Co-Investigator of the plasma analyzers on the Pioneer 10 and G missions to 
Jupiter in 1972 and 1973. 
Taught Physics 224C, "Topics in Space Physics," a graduate student course, 
Spring 1970. 
Taught PhYSics 93B, "Introduction to Space Physics and Astrophysics," a course 
for physics seniors, Winter 1971. 
Taught Applied Phys1cs 156, "Plasma Physics," a course for seniors and 
graduate students, 1971-1972. 
Superlisor of research of one graduate student. 
Employer of 10 undergraduate students assisting on various research projects. 
Pr1ncipa1 Investigator and Co-Investigator of research contracts and grants. 
Awarded a President's Fund Grant. 
Reviewer of papers for professional Journals. 
10/67 to 9/69: National Academy of SC1ences Res1dent Research Associate 
Space Sciences Division 
NASA Ames Research Center 
~offett Field, Ca11fornia 94035 
Research on the solar W1nd and cosmic rays. 
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Professional Experience (continued) 
Co-Investigator of the Pioneer 6, 7, 8, 9 and 10 Ames Research Center solar 
wind plasma spectrometers. 
Co-Investigator on the plasma analyzer experiment on the Pioneer 10 and 11 
m1ssions to Jupiter. 
Principal I~estigator of the positive ion probe on the UCLA Small Scientific 
Satellite (S -C). 
4/67 to 10/67: Ass1stant Research Geophysicist 
Institute of Geophysics and Planetary Physics 
University of California 
Los Angeles, California 90024 
Research on the sun, solar wind, and cosmic rays. 
9/63 to 4/67: Research Assistant 
Institute of Geophysics and Planetary Physics 
University of California 
Los Angeles, California 90024 
Research on cosmic rays, astrophysics, geophysics, and planetary physics. 
Principal Investigator on cosmic ray neutron balloon flights. 
7/62 to 9/63: Physicist, Cosmic Ray Branch 
Air Force Cambridge Research Laboratories 
Bedford, ~.fassachusetts 
Research on cosmic rays and radiation belts. 
Pr1ncipal Investigator on numerous cosmic ray neutron balloon flights. 
9/62 to 2/63: Grader, Physics Department 
Massachusetts Institute of Technology 
Cambridge, Massachusetts 
Responsible for all grading and problem solving in graduate course on 
elementary particle physics. 
10/61 to 7/62: Research Assistant, Cosmic Ray Group 
Physics Department 
~~ssachusetts Institute of Technology 
Cambridge, ~ssachusetts. 
Experimental and theoretical work on cosmic rays and space physics. 
Co-Investigator on cosmic ray neutron balloon experiments. 
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Professional Experience (continued) 
6/61 to 10/61: Consultant Physicist 
Institute de Fisica dell' Uni7ers~ta 
Milan, Italy 
Experimental york on cosmic rays and astrophysics. 
Co-Investigator on cosmic ray balloon experiments. 
1/60 to 6/61: Research Assistant, Cosmic Ray Group 
Physics Department 
Massachusetts Institute of Technology 
Cambridge, Massachusetts 
~~perimental work on cosmic rays and space physics. 
Participated on Explorer X solar wind plasma probe. 
n.s. Intriligator 
MAJOR PRESENTATIONS: 
An International Conference on the Venus Environment, Palo Alto, California, 
November 1981. Paper, "The Venus tJake: Analysis and Implications of Pioneer 
Venus and Venera Plasma Observations." 
International Association of Geodesy and Aeronomy, Edinburgh, Scotland, August 
1981. Invited Paper, "Pioneer Observations of the Large-Scale Structure and 
Evolution of the Solar Wind." 
XVII General Assembly of International Union of Geodesy and Geophysics, 
Canberra, Australia, December 1979. Invited paper, "Initial In Situ Plasma 
Analyzer Observations in the Vicinity of Saturn frOlD Pioneer 11 Flyby." 
International Association of Geodesy and Aeronomy, Canberra, Australia, 
December 1979. Invited paper, "Multipoint Studies of Evolving Solar Wind 
Structures Between 0.8 AU and 20 AU." 
COSPAR and IAU Workshop on Solar Radio Astronomy, Interplanetary 
Scintillations and Coordination with Spacecraft, Culgoora, Australia, November 
1979. Invited paper, "In-Situ Observ'ations of Interplanetary Disturbances." 
International AstronOlDical Union Sixteenth General Assembly, Montreal, Canada, 
August 1979. Invited paper, "The Distant Solar tl1nd." 
International Astronomical Union Sixteenth General Assembly, Montreal, Canada, 
August 1979. Invited paper, "Travelling Interplanetary Phenomena and the 
Solar Maximum Year." 
IAU Symposium No. 91 on Solar and Interplanetary Dynamics, Cambridge, 
~ssachusetts, August 1979. Invited paper, "Transient Phenomena Originating 
at the Sun - An Interplanetary View." 
Second International Colloquium on 11ars, Pasadena, California, January 1979. 
Invited paper, "~1ars in the Solar Wind: Implications of a Venus-like 
Interaction." 
Solar Wind 4 Conference, Burghausen, Federal Republic of Germany, August 
1978. Invited paper, "Solar tJind Fluctuations." 
Space Research Institute (IKI), USSR Academy of SCiences, MOSCOW, USSR, June 
1978. Invited lecture, "In-Situ Observations of the Radial Gradient in the 
Solar Wind." 
SIZIRAN, USSR Academy of Sciences, Irkutsk, USSR, June 1978. Invited lecture, 
"Direct Observations of the Solar Wind at Extended Heliocentric 1)istances." 
Huclear Science Institute, Moscow University, USSR Academy of Sciences, 
!ioscow, USSR, June 1978. InVited lecture, "Pioneer 10 and 11 Observations of 
the Solar Wind Beyond 1 AU." 
IZMIRAN, USSR Academy of Sciences, MOSCOW, USSR, June 1978. Invited lecture, 
"The Radial Evolution of the Solar Wind Beyond 1 AU." 
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MaJor Presentat~ons (continued) 
Leendert Dirk de Feiter !1emorial Symposium on the Study of Travelling 
Interplanetary Phenomena (STIP), Tel-Aviv, Israel, June 1977. Invited paper 
"Evolution of Streams and Shocks in the Solar Wind." 
14th International Cosmic Ray Conference, Munich, West Germany, August 1975. 
"The Solar Wind Be tween 0.7 AU and 5. a AU." 
14th International Cosmic Ray Conference, Munich, West Germany, August 1975. 
"Direct Observations of the Solar Wind Interaction With Jup~ter." 
14th International Cosmic Ray Conference, Munich, West Germany, August 1975. 
"The Solar Cycle Variation in the Solar Wind and the Modulation of Cosmic 
Rays." 
14th International Cosmic Ray Conference, Munich, West Germany, August 1975. 
"Measurements of Large Scale Turbulence in the Solar System." 
14th International Cosmic Ray Conference, Munich, West Germany, August 1975. 
"Solar Wind Observations Associated With the August 1972 Solar Events." 
Neil Brice Memorial International Symposium on Magnetospheres of the Earth and 
Jupiter, Frascati, Italy, May 1974. Invited paper, "Pioneer 10 Observations 
of the Solar Wind and Its Interaction With Jupiter: Plasma Electron Results." 
Neil Brice Memorial International Symposium on the I1agnetospheres of the Earth 
and Jupiter, Frascati, Italy, May 1974. Invited paper, "Pioneer 10 
Observations of the Jovian Magnetosphere: Plasma Electron Results." 
55th Annual Meeting American Geophysical Union, Washington, D.C., April 
1974. Invited paper, "Pioneer 10 Electron Encounter Results from the Ames 
Research Center Plasma Analyzer Experiment." 
Solar Wind Conference, Asilomar, California, March 1974. "The Radial Gradient 
and che Role of Turbulence in the Solar System." 
Solar Wind Conference, Asilomar, California, ~rch 1974. "The Power 
Associated with Density Fluctuations and Velocity Fluctuations in the Solar 
Wind." 
~ational Fall American Geophysical Union Meet~ng, San Francisco, December 
1973. Invited paper, "Power Spectra of the Interplanetary Plasma Beyond 1 
AU." 
International Association of Geodesy and Aeronomy, Kyoto, Japan, September, 
1973. Invited paper, "Solar Wind Parameters and Magnetospheric Activity." 
International Union of Geodesy and Geophysics, ?10scow, USSR, August 1971-
Invited review paper, "A Review of Quantitative Studies to Predict the Solar 
t-lind Interaction With the Geomagnetic Field." 
D.S. Intriligator 
Major Presentations (continued) 
Solar Wind Conference, Asilomar, California, March 1971. "Review of 
Preliminary Power Spectra of the Interplanetary Plasma Density." 
Solar Wind Conference, Asilomar, California, March 1971. "Initial Power 
Spectra of the Solar Wind Velocity Components." 
International Symposium on Solar Terrestrial Physics, Leningrad, USSR, May 
1970. "Solar Wind Plasma Configurations and Their Relation to Solar, Inter-
planetary, and Magnetospheric Activity" (with John H. Wolfe) (abstract 
published in program book). 
International Symposium on the Physics of the Magnetosphere, Washington, D.C., 
September 1968. "Simultaneous Plasma, Electric Field, and Magnetic Field 
Measurements in the Expected Region of the Extended Geomagnetic Tail at 500 
RE" (with John H. Wolfe, D.D. McKibbin, F.L. Scarf, E.G. Greenstadt, N.F. 
Ness, and F. Mariani) (abstract published in program book). 
Solar Terrestrial Relations, Sheffield, England, July 1968. "Preliminary 
Comparison of Solar Wind Plasma Observations in the Geomagnetospheric Wake at 
1000 and 500 Earth Radii" (with J.H. Wolfe, D.D. McKibbin, H.R. Collard). 
Panelist, Gordon Conference on the Physics of Space Plasmas, Tilton, New 
Hampshire, July 1968. 
Numerous presentations at professional society meetings including those of the 
American PhYSical Society, the American Geophysical Union, and the American 
Astronomical Society (abstracts published in respective bulletins). 
PUBLICATIONS * 
Intriligator, D.S., and W.O. Miller, Plasma Shocks and Energetic Particles in 
the Outer Solar System: Trapping and Asymmetry - Observations from 
Pioneers 10 and 11, Journal of Geophysical Research, in press, 1982. 
Intril~gator, D.S., and G.R. Steele, Observations of Structuring in the 
Downstream Region of a Large Spherical Hodel in a Laboratory Simulated 
Solar Wind Plasma, Journal of Geophysical Research, in press, 1982. 
Friedman, Herbert, and Devrie S. Intriligator, Co-chairmen, Solar-Terrestrial 
Research for the 1980's, National Academy Press, Washington, D.C., 1981. 
Intriligator, D.S., and W.O. Miller, Detection of the 10 Plasma Torus by 
Pioneer 10, Geophysical Research Letters, 1l, 409, 1981. 
Intriligator, O.S., Solar Wind Turbulence and Fluctuations, Solar Wind Four, 
!{ax-Planck-Institut, West Germany, page 359-374, 1981. 
Intriligator, O,S" Observations of Mass Addition to the Shocked Solar Wind of 
the Venusian Ionosheath, Geophysical Research Letters. submitted, 1981. 
Dryer, H., H. Perez-de-Tejada, H.A. Taylor, D.S. Intriligator, J.~. Mihalov, 
and B. Rompolt, Compression of the Venusian Ionopause on 10 !iay 1979 By 
the Interplanetary Shock Generated By the Solar Eruption of 8 May 1979, 
Journal of Geophysical Research, submitted, 1981. 
Perez-de-Tejada, H., O.S. Intriligator, and C.T. Russell, Non-Alignment of 
Planetary 0+ Fluxes and Magnetic Field Lines in the Venus Wake, Nature, 
submitted, 1981. 
Perez-de-Tejada, H., H. Dryer, C.T. Russell, L.H. Brace, and n.s. 
Intriligator. Closure of the Shocked Solar Wind Behind Venus, Journal of 
Geophysical Research, submitted, 1981. 
Sm1rnov, V.N., O.L. Vaisberg, S.A. Romanov, J.A. SlaVin, C.T. Russell, and 
O.S. Intriligator, Three-Dimensional Shape and Position of the Venus 30w 
Shock, Kosmicheskiie Issledovaniia. XIX. No.4, 613-623, (in Russian), 
1981. 
Vaisberg. O.L., D.S. Intriligator, and V.N. Smirnov, An Empirical Model of the 
Venusian Outer Environment: I. The Shape of the Dayside Solar Wind-
Atmosphere Interface, Journal of Geophysical Research,~, 7642, 1980. 
Sm1rnov, V.N., O.L. Vaisberg, and D.S. Intriligator, An Empirical Model of the 
Venusian Outer Environment: II. The Shape and Location of the Bow Shock, 
Journal of Geophvsical Research, 85, 7651, 1980. 
* exclud~ng preprints. 
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Publications (continued) 
Mihalov, J.D., J.H. t~olfe, and D.S. Intriligator, Pioneer Venus Plasma 
Observations of the Solar Wind-Venus Interaction, Journal of Geophysical 
Research, ll, 7613, 1980. 
Vaisberg, O.L., D.S. Intriligator, and V.N. Smirnov, Pressure Balance and 
Pressure Distribution Along the Dayside Ionopause of Venus, Nature, 287, 
1980. 
Slavin, J.A., R.C. Elph1c, C.T. Russell, F.L. Scarf, J.H. Wolfe, J.D. Mihalov, 
D.S. Intriligator, L.H. Brace, H.A. Taylor, Jr., and R.E. Daniell, Jr., 
The Solar Wind Interaction With Venus: Pioneer Venus Observations of Bow 
Shock Location and Structure, Journal of Geophysical Research, ~ 7625, 
1980. 
Intriligator, D.S., Transient Phenomena Originating at the Sun - An 
Interplanetary View, Solar and Interplanetary Dynamics, Proceedings of 
LAU Symposium No. 91, (M. Dryer and Tandberg-Hanssen, Eds.) D. Reidel 
Publishing Co., ~ordrecht, Holland, 357, 1980. 
Wolfe, J.H., J.D. Mihalov, H.R. Collard, D.D. McKibbin, L.A. Frank and D.S. 
Intriligator, Preliminary Results on the Plasma Environment of Saturn 
from the Pioneer 11 Plasma Analyzer Experiment, Science, 207, 403-407, 
1980. 
Intriligator, D.S., J.H. Wolfe, and J.D. ~lihalov, The Pioneer Venus Orbiter 
Plasma Analyzer Experiment, IEEE Transactions on Geoscience Remote 
Sensing, GE-18, 39, 1980. 
Intriligator, O.S., and E.J. Smith, Mars in the Solar Wind, Journal of 
Geophysical Research, 84, 8427, 1979. 
Intriligator, D.S., H.R. Collard, J.D. Mihalov, R.C. Whl.tten, and J.H. tlolfe, 
Electron Observations and Ion Flows from the Pioneer Venus Orbiter Plasma 
Analyzer Experiment, Science, 205, 116, 1979. 
Slavin, J.A., R.C. Elphic, C.T. Russell, J.H. Wolfe, and D.S. Intriligator, 
Position and Shape of the Venus Bow Shock: Pioneer Venus Orbiter 
Observations, Geophysical Research Letters, ~ 901, 1979. 
Intriligator, O,S" H.R. Collard, J.D. ~1ihalov, O.L. Vaisberg, and J.H. T~olfe, 
Evidence for Earth Magnetospheric Tail Associated Phenomena at 3100 RE, 
Geophysical Research Letters, ~, 585, 1979. 
Wolfe, J., D.S. Intriligator, J. M:1.halov, H. Collard, D. ~1cKibbin, R. Whitten, 
A Barnes, Initial Observations of t~e Pioneer Venus Orbiter Solar Wind 
Plasma Experiment, Science. 203. 750, 1979. 
Intriligator, D.S., Pioneer 9 and Pioneer 10 Observations of the Solar Wind 
Associated with the August 1972 Events, Journal of Geoohvsical Research, 
11, 606, 1977. 
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Publ~cations (continued) 
Intriligator, n.s., and J.H. Wolfe, Plasma Electron Measurements in the Outer 
Jovian liagnetosphere, Geophysical Research Letters, ~ 249, 1977. 
Intriligator, D.S., The Large Scale and Long Term Evolution of the Solar Wind 
Speed Distribution and High Speed Streams, Study of Travelling 
Interplanetary Phenomena, D. Reidel, 195, 1977. 
Intriligator, n.s., EV1dence for a Constant Speed of Shock Propagation Between 
0.8 AU and 2.2 AU, 15th International Cosmic Ray Conference Papers, The 
Cosmic Ray Commission of the International Union of Pure and Applied 
Physics, P1ovdiv, Bulgaria, 1977. 
Intriligator, D.S., The Radial Evolution of the Bulk Properties in the Solar 
tlind, 15th International Cosmic Ray Conference Papers, The Cosmic Ray 
Cocmission of the International Union of Pure and Applied Physics, 
P1ovdiv, Bulgaria, 1977. 
Bauer, S.J., L.R. Brace, D.M. Hunten, n.s. Intriligator, W.C. Knudsen, A.F. 
Nagy, C.T. Russell, F.L. Scarf, and J.R. Wolfe, The Venus Ionosphere and 
Solar Wind Interaction, Space Science ReViews, ~, 413, 1977. 
Co-Editor, The Outer Solar System, American Institute of Aeronautics and 
Astronautics, New York, NY 1976. 
Intriligator, n.s., and J.H. Wolfe, Results of the Plasma Analyzer Experiment 
on Pioneer 10 and Pioneer 11, Jupiter, University of Arizona Press, 848, 
1976. 
Intrlligator, D. S" The August 1972 Solar-Terrestrial Events: Solar tiind 
Plasma Observations, Space Science ReViews, ~, 628, 1976. 
Intri1igator, n.s., The Solar Wind Between 0.7 AU and 5.0 AU, 14th 
International Cosmic Ray Conference Papers, Paper P-lO, Max-Planck-
Institut fur extraterrestrische Physik, Mun1ch, West Germany, ~, 1534, 
1975. 
Intriligator, n.s., Direct Obser~ations of the Solar Wind Interact10n with 
Jupiter, 14th International Cosmic Ray Conference Papers, Paper P-ll, 
Max-Planck-Institut fur extraterrestrische Phys1k, Munich, West Germany, 
~, 1540, 1975. 
Intriligator, n.s., The Solar Cycle Variation in the Solar Wind and the 
~odulation of Cosmic Rays, 14th International Cosmic Ray Conference 
Papers, Paper MG 3-24, Max-Planck-Institut fur extraterrestrische Physik, 
Uunich, West Gen:l.any, .1, 1033, 1975. 
Intriligator, n.s., Measurements of Lar3e Scale Turbulence in the Solar 
System, 14th International Cosmic Rav Conference Papers, Paper 3-23, ~{ax­




Intriligator, 0.5., Pioneer 10 Observations of the Solar Wind and Its 
Interaction With Jupiter: Plasma Electron Results, The ~agnetospheres of 
Earth and Jupiter, D. Reidel Publishing Co., Dordrecht, Holland, 283, 
1975. 
Intriligator, 0.5., and U. Neugebauer, A Search for Solar Wind Velocity 
Changes Between 0.7 and. 1 AU, Journal of Geophysical Research, !Q" 1332, 
1975. 
Intriligator, 0.5., Direct Observations of Righer Frequency Density 
Fluctuations in the Interplanetary Plasma, The Astrophysical Journal, 
196. 879, 1975. 
Intriligator, 0.5., In Situ Observations of the Scale-Size of Plasma 
Turbulence in the Asteroid Belt (1.6-3 Astronomical Units), ~ 
Astrophysical Journal (Letters), 196, L87, 1975. 
Mlhalav, J.D., R.R. Collard, D.O. McKibbin, J.R. Wolfe, and D.S. Intriligator, 
Pioneer 11 Encounter: Preliminary Results From the Ames Research Center 
Plasma Analyzer Experiment, Science, 188, 448, 1974. 
Intriligator, D.S., and J.R. Wolfe, The Evolution of the Interplanetary 
Disturbances Associated with the August 1972 Events, (preprint). 
Intriligator, D.S., and J.R. Wolfe, Initial Obser~ations of Plasma Electrons 
from the Pioneer 10 Flyby of Jupiter, Geophysical Research Letters, ~ 
281, 1974. 
Intriligator, D.S., Evidence of Solar Cycle Variations in the Solar Wind, The 
Astrophysical Journal (Letters), 188. L23, 1974. 
Intriligator, 0.5., The Radial Gradient and the Role of Turbulence in the 
Solar System, The Solar Wind III, University of California, Edited by 
C.T. Russell, 294, 1974. 
Intriligator, D.S., The Power Associated ~Uth Density Fluctuations and 
Velocity Fluctuations in the Solar ~l1nd, The Solar Wind III, University 
of California, Edited by C.T. Russell, 368, 1974. 
Wolfe, J.R., J.D. Mihalav, R.R. Collard, D.O. ~.fcKibbin, L.A. Frank, and 0.5. 
Intril~gator, Pioneer 10 Observations of the Solar Wind Interaction with 
Jupiter, Journal of Geophysical Research, ~ 3489, 1974. 
Intrlligator, 0.5., The Reliability of the Daily Quick-Look Solar tlind 
Velocities as Indicators of Interplanetary Activity, Journal of 
Geophysical Research, ~, 2491, 1974. 
Wolfe, J.n., H.R. Collard, J.D. Mihalav, D.S. Intriligator, Preliminary 
Pioneer 10 Encounter Results from the Ames Research Center Plasma 
Analyzer Experiment, Science, 183, 303, 1974. 
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Publications (continued) 
Intriligator, D.S., High Speed Streams in the Solar Wind, UAG-27, t-lorld Data 
Center-A for Solar Terrestrial Physics, Boulder, Colorado, 1973. 
Intriligator, D.S., The Interplanetary Solar Wind Configuration and Its 
Relation to Geomagnetic Activity, (preprint). 
Intriligator, D.S., A Comparison of Cosmic Ray Activity and Solar Wind 
Activity, (preprint). 
Intriligator, D. S., A !lew Index for Predicting Magnetospheric Activity, 
(preprint). 
Intriligator, D.S., Two Views of High Speed Streams: time Series Data and 
Power Spectral Analyses, (preprint). 
McKibbin, D.O., D.R. Card, J.R. Wolfe, and D.S. Intriligator, On the 
Possibility of Encounter of the Geomagnetic Wake on ~riner 4, 
(preprint) • 
Intriligator, D.S., The Signature in the Solar Wind Plasma for Ring Currents, 
(preprint) • 
Intriligator, D.S., The Signature in the Interplanetary Plasma for Polar 
Substorms and Auroral Activity, (preprint). 
Intriligator, D.S., Ion Optimization of an Electrostatic Analyzer, California 
Institute of Technology, 1972. 
Intriligator, D.S., Absolute Intensity Measurements of Cosmic Ray Neutrons in 
the Atmosphere, (preprint). 
Intriligator, D.S., The Interplanetary Solar Wind Configuration and Its 
Relation to Geomagnetic Activity Part II, (preprint). 
Intriligator, D.S., Initial Power Spectra of the Solar Wind Velocity 
Components, (preprint). 
Intriligator, D.S., Direct Observations of the Solar tUnd Power Spectra, ~ 
Solar Wind, U.S. Government Printing Office, Edited by C.P. Sonett, P.J. 
Coleman, Jr., and J .M. tUlcox, NASA SP-308, 497-503, 1972. 
Intriligator, D.S., Comments on the Large Scale Properties of the Solar Wind, 
The Solar Wind, U.S. Government Printing Office, Edited by C.P. Sonett, 
P.J. Coleman, Jr., and J.M. Wilcox, NASA SP-038, 199, 1972. 
Intrili~ator, D.S., J.R. Wolfe, and D.O. t1cKibbin, Simultaneous Solar Wind 
Plasma and Magnetic Field Measurements in the Expected Region of the 




Intriligator, D.S., and J.H. qolfe, Evidence of a Diffuse Magnetopause 
Boundary. Journal of Geophysical Research. ~ 5480. 1972. 
Intriligator. 0.5., and J.H. Wolfe, Preliminary Power Spectra of the 
Interplanetary Plasma, The Astrophysical Journal (Letters), 162. L187, 
1970. 
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